The adhesion of diamond films deposited by microwave plasma-enhanced CVD on various substrates can be quantitatively determined by an indentation method. The friction behaviors of diamond-coated cemented carbides sliding against a brass ring were studied. The wear resistance of the diamond-coated cemented carbide inserts and the commercial inserts with the other ceramic coatings were compared and directly evaluated by turning tests. Effects of the coating conditions, the substrate materials, and the surface pretreatments of the substrate on adhesion, friction, and wear properties are discussed.
I. INTRODUCTION
Diamond is the hardest material and the material with the largest thermal conductivity. Since the development of low pressure plasma-enhanced chemical vapor deposition (PECVD) methods for synthesizing diamond films, one of the research efforts has focused on developing diamond films as a hard coating on tool materials for tribological applications.1"6 The most important features of any coated object for such applications are the quality of adherence between the films and the substrate, and the tribological behavior with its counterpart. However, only limited reports have been published on the adhesion of the diamond films to the substrate,3'7 and no quantitative data have been provided. Regarding the tribological behavior of diamond films, steel or SiC instead of nonferrous materials has been employed as the friction partners,4"6 although it is known that steel is not a good candidate for the friction partner against a carbon material due to a strong mutual alloying tendency of the materials involved.
This paper presents the results of the adhesion tests on diamond films deposited by the microwave PECVD method on various substrates. The friction behavior of the diamond-coated cemented carbide inserts against a brass (70% Cu-30% Zn) ring will be discussed, and the wear resistance will be evaluated by turning tests. Effects of coating conditions and surface pretreatment of the substrate on the adhesion strength, friction, and wear behaviors will also be discussed.
II. EXPERIMENTAL
Diamond films were synthesized by a microwave (2.45 GHz) PECVD system. A mixture of hydrogen and methane was used as the reactants for deposition under the following conditions: methane concentration, 1 vol. %; total gas flow rate, 100 cc/min; total pressure, 40 Torr; microwave power, 200-300 watts. The substrate temperatures were varied from 880 to 1050 °C, and were monitored by an IR pyrometer. The substrate materials, specimen designations, and the corresponding surface pretreatments before diamond deposition are shown in Table I. A detailed description of the indentation adhesion tests, which used a Rockwell hardness tester with a Brale diamond cone indenter, is given elsewhere.8 Since the Rockwell hardness tester employs discrete loads, only the minimum load at which the film cracks and the next lower available load were recorded as the range of crack initiation load, Pcr. The slope, dP/dX, of the indentation load versus the crack diameter curve is also used as a measure to differentiate the quality of adherence between the coating and the substrate.
The coefficient of friction (/A) was tested using a block-on-ring tribotester, as shown in Fig. 1 . The tests were performed by pressing the stationary diamondcoated specimen against a rotational ring made of brass (70% Cu-30% Zn). The tests were carried out in air without adding lubricants. The diamond-coated cemented carbide insert with tool geometry, ISO TPGN 110308, was first backed by an acrylic plastic block (21.5 mm x 10 mm x 23.5 mm), mounted with an instant adhesive resin. The brass ring (25.0 mm o.d., 12.7 mm i.d., 20 mm width) has a surface roughness of Ra 0.7 jxm and a hardness of RB 48. The load is applied to the surface of the brass ring through a line contact of 5 mm diamond film. The friction force at the contact area was recorded through the load cell. The n can be calculated by dividing the friction force by the applied normal force. "dP/dX denotes the slope of the indentation load versus the lateral crack diameter curve. ' Per is the minimum indentation load at which the film cracks.
The wear resistance of diamond-coated inserts was evaluated by turning Al-11.0% Si-3.8% Cu alloys. The flank and the rake wear lengths of the insert were recorded as a function of cutting time. The wear length was determined by a stereographic optical microscope. The cutting conditions for the turning tests were as fol- lows: tool geometry, ISO TPGN 110308; cutting speed, 250-350 m/min; depth of cutting, 0.1 mm; feed, 0.06 mm/rev; without cutting fluid. In order to compare the cutting performance between the diamondcoated insert and the inserts with the other ceramic coatings, both the single and the multiple layer coatings of the commercial inserts, such as TiN-, TiC-, TiC/alumina-, and TiC/alumina/TiN-coated inserts, were also used for turning experiments at the same cutting conditions.
III. RESULTS AND DISCUSSION

A. Adhesion of diamond film on cemented carbides
The results of the adhesion tests for diamond films on various substrates are also tabulated in Table I . The curves of the indentation load versus the crack diameter are shown in Fig. 2 for diamond films deposited at different temperatures and with different surface pretreatments, and a typical lateral crack pattern for a 60 Kgf load is shown in Fig. 3 . The lateral cracking was found to propagate exclusively along the film-substrate interface, and a severe upward deflection of the delaminated film was observed. Table I shows very low Pa values (10-20 Kgf) for the ISO K68 substrates, suggesting a poor adhesion of the diamond films. Table I also shows that the Pcr value does not discriminate among the relative adhesions for the specimens deposited at different temperatures and subjected to different pretreatments. On the basis of the slope of the indentation load versus the lateral crack diameter curves, as shown in Fig. 2 and reducing the diamond particle size to obtain better contact with the substrate. The surface pretreatments of the substrates before diamond deposition were for the purpose of generating more fine scratches. Derjaguin et al.9 found that the temperature dependence of the diamond growth rate shows a distinct maximum at about 1000 °C. This is related to the competition between diamond and graphite depositions. Another possible reason may be that there is a lower residual intrinsic stress in the film. Knight and White10 reported that the diamond film deposited on WC substrate can develop an internal tensile stress, but the detailed deposition conditions were not given. For films in residual tension, the delaminated films will experience both the upward and lateral deflections, as suggested by Drory et al.11 The typical indentation crack pattern in Fig. 3 suggests that the diamond film may suffer a large tensile residual stress under the present deposition conditions. Effects of the surface pretreatment and the deposition temperature on the morphology of diamond films are shown in Figs. 4 and 5, respectively. The specimen without surface pretreatment is still in the stage of clustering of aggregates after a 4-h deposition at 980 °C, as shown in Fig. 4(a) . In contrast, the pretreated specimen can form a continuous diamond film only after a 2-h deposition at the same temperature, as shown in Fig. 4(b) . This situation can also be observed from the micrographs of the fractured cross sections of the films in Fig. 6 . In Fig. 6 (a) the film deposited on the substrate without pretreatment shows a wave-like morphology, which implies large voids existing at the film-substrate interface; r *T£i therefore the specimens show a poor adhesion. In contrast, the pretreated specimens show a denser morphology with fewer voids, as shown in Fig. 6 (b), due to a higher nucleation density. This results in a better adhesion.
B. Friction of diamond film on cemented carbides
If the hard-coated triboelements are subjected to unlubricated sliding (i.e., a cutting tool), the friction characteristics of the coating become equally as important as their wear properties. The coefficient of friction ill) as a function of the sliding time for diamond films on ISO K68 cemented carbide substrates against a brass ring without adding lubricants is shown in Fig. 7 . The transition of the friction coefficients which occurs during sliding may be caused by the gradual accumulation of brass on the coated surface. Figure 7 also shows that the variation of /u, for diamond film deposited at the highest temperature (THD-1, 1050 °C) is the greatest. The friction resistance can be expressed as the sum of two terms, one representing the shearing and the other the ploughing process. If a diamond film with a rougher surface is slid on metal, it will tend to dig into the metal surface during sliding, resulting in a greater friction resistance. Figure 8 shows the surface morphology after friction measurements for the coatings deposited at different temperatures. An obvious material transfer from the brass ring was seen. Derjaguin et al.9 reported that the maximum growth rate of diamond film occurs at about 1000 °C, and a greater growth rate will generally result in a rougher surface and so a greater friction resistance. The jaasa function of the applied load is shown in Fig. 9 . The friction coefficient (fi) for diamond film deposited at 980 °C shows a tendency to decrease with an increase in the applied load, and the diamond film deposited at 1050 °C tends to show a maximum fi at the intermediate load. Figure 9 also suggests that the diamond-coated cemented carbide insert of THD-2 will suffer a lower friction force during cutting than that of THD-l, and is expected to have a better wear resistance, as will be discussed in the next section.
C. Wear of diamond film on cemented carbides
The flank face wear length of the diamond-coated inserts as a function of the turning time at different deposition temperatures is shown in Fig. 10 . Specimen THD-2 (specimen designations are shown in Table I ) shows a better wear resistance. It is expected that both the adhesion strength and the surface roughness determine the wear resistance of the coating. Specimen THD-l has a greater growth rate of the film and so a rougher surface than that of THD-2. Specimen THD-3 has a weaker adhesion strength than that of THD-2, as shown in Table I .
Comparison of the cutting wear resistance between the diamond-coated inserts and the commercial inserts with the other ceramic coatings is shown in Fig. 11 . The figure shows that the diamond coating (THD-2) has a better wear resistance than the substrate (ISO K68) itself and the other ceramic coatings, where TiC, TiCN, TiC/alumina, and TiC/alumina/TiN are the commercial inserts with either single or multiple layer coatings on cemented carbides. From Table I it is seen that the adhesion strength of THD-2 is greater than the other coating conditions, but is still much poorer than the other ceramic coatings, such as TiN coating (Per ~ 150 Kgf). An improvement in the adhesion of diamond film is expected to result in a dramatic increase in cutting performance. A poor adhesion in the present coating conditions is partly attributed to a higher Co content (5.7% Co in ISO K68) in the substrate.12 Figure 12 shows the tool tip morphology of specimen THD-2 after 10 min turning experiments. It is apparent that the coating wear resulted from spalling of the decohered pieces of a layer at certain weak sites on the surface. 
D. Adhesion of diamond film on tungsten
In order to know the role of tungsten in a cemented carbide substrate on diamond deposition, adhesion measurements for diamond films deposited on pure tungsten disks (4.8 mm diameter x 3 mm) have been carried out. The results are also shown in Table I . Diamond films deposited under 950 °C usually cracked after diamond deposition, and this could be attributed to the residual thermal stress from the large mismatch of thermal expansion coefficients (0.8 x 10 6/cC and 4.6 x 10~6/°C at room temperature for diamond and W, respectively13'14). The x-ray diffraction studies on the W substrate covered with a diamond film at 980 °C show that WC was formed during the deposition period. The WC layer can serve as an intermediate layer to reduce the residual stress at the interface (thermal expansion coefficient for WC is 3.8-3.9 x 10-6/°C15). The crack patterns8 show a severe delamination of the film. The unique nucleation and growth process of diamond can produce void networks at the film-substrate interface, which may be responsible for the low PCI values (<10 Kgf) given in Table I . Fracture along these voids can result in a rough wave-like fracture cross section, a similar morphology to Fig. 6 for cemented carbides. The slope value, dP/dX, for specimen W2 in Table I is comparable with that for specimen THD-2.
E. Adhesion of diamond film on SiAlON
SiAlON is a commercial ceramic insert for cutting applications. The PCI values for SiAlON substrates are also given in Table I . A typical lateral crack pattern for a 30 Kgf load is shown in Fig. 13 , and the fractured cross section in Fig. 14 shows a columnar growth feature. There is no severe upward deflection, suggesting that the residual stress state is different from those on Lateral crack diameter (o.imm) cemented carbides. The diamond films deposited on SiAlON substrates were reported to have residual compressive stresses.11 In contrast to the films on cemented carbides, the adhesion of the film on SiAlON is relatively insensitive to the deposition temperature, as shown in Fig. 15 .
IV. CONCLUSIONS
Indentation adhesion tests can be quantitatively used to evaluate the adhesion of diamond films on various substrates. The Pcr values of diamond films deposited under the present conditions were from <10 to 30 Kgf, and the dP/dX values from 60 to 162 Kgf/mm. A decrease in Co content in cemented carbides is expected to promote adhesion of diamond films. The friction coefficients of diamond films against the brass ring with no lubricant addition and in air are from 0.09 to 0.24. The diamond films deposited at 980 °C show a decrease in the friction coefficient with an increase in the applied load. The cutting performance of the diamond-coated cemented carbide inserts is slightly better than the other commercial inserts with ceramic coatings. An improvement in the adhesion of diamond films on the substrates may dramatically increase the cutting performance.
